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TopologyComposite materials can enhance morphing and deployable structure capability due to their high degree
of tailorability and their favourable stiffness- and strength-to-weight ratios. One such structure, the bis-
table helical lattice, is augmented in current work. To date this type of structure, shows promise in aero-
space systems which require linear actuation. Herein, morphing capabilities are enhanced by removing
traditional mechanical fasteners at the joints, and replacing them with magnets which allow detachment
and re-attachment in a controlled, purposeful way. Within a helical lattice structure, joint detachment
creates new functionality by allowing a new topology to be formed which is used to convert a linear actu-
ator to one that is curved and then back again, when the joints are reattached. The required force to actu-
ate the topological change is characterised through the use of both finite element analysis and
experimental testing. The structural response is observed through the manufacture and testing of a
demonstrator which replaces the traditional joints with a series of magnets in order to capture this vari-
able topology behaviour.
 2021 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://
creativecommons.org/licenses/by/4.0/).1. Introduction
Morphing structures expand functionality of traditional engi-
neering structures by enabling reconfiguration of their geometries
[1], stiffnesses [2,3] or topology [4]. The use of composite materials
in the design and manufacture of morphing structures can be
highly beneficial for several reasons. Composite materials enable
morphing structures to be anisotropically tailored to a high degree
of fidelity whilst also decreasing structural mass when compared
to traditional aerospace materials [5,6]. Multistable composite
morphing structures represent a class of structure that exhibit a
number of alternative stable configurations [5]. Therefore, a stim-
ulus, (e.g. fluid flow, mechanical, thermal and electromagnetic) is
required to actuate a structure from one stable configuration,
through non-stable configurations, to another stable configuration.
The advantage of multistability is that energy is not required to
maintain a structure in each stable shape and is only required for
actuations purposes. Multistable composite structures include
snapping composite plates [7], morphing composite airplane wings
[8,9], morphing marine propellers [10], among many others [11].
Aerospace applications offer significant opportunity for adoption
of morphing composite structures due to the large cost savings
that exist when structural mass is reduced. Deployable structures
(similar to morphing structures but not necessarily exhibiting mul-tistability) have been adopted extensively in the space industry,
including in roll-out solar arrays, which use thermally actuated
composite booms in order to induce morphing behaviour, [12,13]
and a deployable Starshade which is used to more efficiently per-
form space telescopic imagery [14,15].
One such multistable morphing composite structure investi-
gated herein is a helical lattice which has been described previ-
ously and its potential benefits to the aerospace industry
discussed extensively [16–21]. The type of composite lattice con-
sidered here comprises a set of pre-stressed composite flanges
which are joined together at crossover locations created by arrang-
ing them in alternating clockwise and anti-clockwise helical chiral-
ities, see Fig. 1. The resulting cylindrical structure can deploy
axially (i.e. linearly) by changing its diameter and length by
deforming in a highly nonlinear way such that bistable behaviour
can be identified in which the lattice can be stable in extended
and contracted states, corresponding to minima in strain energy.
This behaviour has been extensively studied and its deformation
history increasingly better captured with increasingly sophisti-
cated models [16,17,21]. Proposed applications of this type of lat-
tice include a lightweight linear actuator for deployable
spacecraft components [19], a thermally actuated system [18,22],
and for applications where wide-ranging nonlinear elastic beha-
viour can be achieved by arranging many such lattices structures
together in parallel [20]. It is interesting to note that the original
composite helical lattice was inspired by the behaviour of the Bac-
teriophage T4 virus whose tail displays bistable morphing beha-
Fig. 1. (a) Change in lattice geometry with deployment from stowed (0) to fully deployed (1) [21]. (b) Schematic showing the lattice joints in their pre-topology state, left, and
post-topology states, centre and right.
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behaviour by tailoring the lay-up of the composite flanges in order
to direct the design of the structure to specific stable locations and
subsequently using an external stimulus to actuate between these
stable states, including mechanical and thermal stress, respectively
[10,5]. In nature, the virus actuates the transition between stable
states by breaking molecular bonds, translating the two separate
parts with respect to each other and then forming new molecular
bonds, as the tail contracts and expands [16]. It is this response
that inspires current work into topological changes in engineering
structures.
The primary technical advance that arises as a result of topology
morphing in the helical lattice structure is the change in function-
ality achieved from linear to curved deployment, which is also
reversable. The additional functionality can augment proposed
applications of the helical lattice, including the compact telescopic
morphing lattice (CTML) space boom [19]. The CTML arranges two
or more lattices to be connected in series of lattices in order to
deploy space structures such as a solar arrays. Using lattices with-
out topological changes allows the CTML to deploy in a linear man-
ner only. By exploiting a topological change to the lattices within
the CTML the boom could not only be deployed but its directional-
ity controlled (changing between linear and curved deployment
paths) during deployment and throughout operation. This beha-
viour could enable the CTML to further actuate the attached solar
array by acting as a sun tracking device. It would orient itself, by
actuating a topology change, to follow the sun in order to increase
the energy captured by the solar array [24].
Referring back to the helical lattice shown in Fig. 1(a), the
mechanically fastened joints are located at crossover points, noting
that a greater degree of freedom can be introduced by examining
the possibility of breaking and re-attaching these joints to enable
different overall actuator functionality. This response can be
achieved by translating each joint component by replacing
mechanical fasteners with magnets, Fig. 1(b). By introducing a
translational (i.e. morphing) degree of freedom at these intersec-
tions the design space of the lattice structure can be greatly
enhanced. This process also presents scope for enabling a novel
variable topology system where the morphing mechanism is
autonomous, without external mechanical stimulus from the user.
As a result, the reconfiguration of lattice joints changes deploy-
ment characteristics, e.g. from a linear to a curved path. Further2
to this refinement of structural morphing and potential autonomy
of the system, the possibility of a self-assembling lattice structure
using a series of autonomous magnetic interfaces arises, which
provides a framework for self-assembly, or disassembly of the
structure. Work herein addresses the first steps of this vision by
considering topology changes. Ultimately, it is anticipated that
the resulting smart structure [25], by exploiting its variable topol-
ogy, exhibits both self-actuating and self-adaptive behaviour,
hence unlocking a plethora of novel smart responses whilst main-
taining the well-described [16,21,23], structural benefits of the lat-
tice structure.
The paper is laid out as follows, Section 2 details modelling
aspects undertaken by finite element (FE) analysis, Section 3
details experimental testing and Section 4 compares the results
of the FE analysis and the experimental testing in order to demon-
strate the validity of the work. The demonstrator structure, incor-
porating magnets, is discussed in Section 5. Finally, conclusions
and details of future work are presented in Section 6.2. Finite element analysis
A representative FE model, using ABAQUS software [26], was
developed in order to investigate the behaviour of the helical lat-
tice as it changes its topology. The FE model simulates the assem-
bly, deployment, and the interface morphing response of the
reconfigurable lattice structure.
Firstly, pre-curved composite strips of length 650 mm, width
20 mm and initial radius of 400 mm, are confined to a smaller
radius, where the length of the lattice constitutes 1.5 revolutions
of the strips, (i.e. one end of a composite strip was rotated through
270), thereby introducing pre-stress to the lattice during assem-
bly, Fig. 2. Each of the four flanges comprise composite strips with
material properties shown in Table 1, representing Hexcel 8552 /
IM7 carbon fibre/epoxy material [27], with lay-up [0/90/0], using
S4R elements and a mesh element size of 5 mm in length and
width as shown in Fig. 3.
This mesh density was determined after a mesh sensitivity
study was performed. This refinement allows the FE analysis to
capture the behaviour of the structure not only along the length
of the structure but also across the width of the flanges, whilst
maintaining computational efficiency. Next, displacements are
applied to points along the length of the lattice, which correspond
Fig. 2. Lattice structure in its initial pre-curved state, outer strips, and in its final
assembled state (pre-topology change), inner lattice structure, where each flange
forms 1.5 revolutions of the lattice.
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the lattice to its stable configuration, of deployed length 550 mm.
These displacements were predetermined using the analytical
model of the lattice described by McHale et al. [21]. To create a
topological change, a displacement is applied to the centrally
located nodes on either side of the lattice in order to translate them
to the original position of the joint on the opposing flange. This
behaviour is shown in Fig. 3 where point a is translated to point
b. This position on the opposing flange is fully fixed, Fig. 3 point
b, (i.e., translational and rotational displacements are constrained).
The remaining joints in the lattice are simulated using coupling
constraints that constrain the translational displacements at the
interface of the flanges, and the local surfaces at these joints are
prevented from self-intersection through the use of surface-to-
surface contact interactions. Finally, localised end effects are
avoided by constraining the rotation of the ends of the lattice
structure about the central axis of the structure, Fig. 3 point c.
Results of the FE analysis are compared to experimental data using
the sum of the reaction forces, RF, at the morphing node locations,
Fig. 3 point a, displacements of both the node at the location of the
topology change and the tip of the lattice.3. Experimentation
A composite cylindrical lattice of the same dimensions and lay-
up as that used in the FE analysis, 4  650 mm  20 mm, Hexcel
8552/IM7 unidirectional carbon fibre/epoxy strips was manufac-
tured to an initial radius of 400 mm about a bespoke mould in
an autoclave. These dimensions were selected after a parametric
study was undertaken. Specifically, our previously developed ana-
lytical model [21,28], was used to identify stable configurations inTable 1
Hexcel 8552/IM7 unidirectional carbon fibre-reinforced plastic properties [28].
Material E11 (GPa) E22 (GPa)
8552/IM7 163.7 11.5
3
the extended state. The composite strips were removed from the
mould and constrained to a smaller radius such that each strip in
the lattice configuration consists of 1.5 revolutions. The lattice
structure exhibited stable behaviour at a deployed length of
550 mm, as predicted by the analytical model. Mechanical testing
was performed using a Tinius Olson universal tensile tester where
central intersection points of the lattice structure were translated
(i.e., moved) in order to replicate the desired topological change.
To complete this experimental analysis a bespoke test fixture,
Fig. 5(a), was developed and manufactured allowing the applied
force to remain parallel to the desired direction of displacement.
The force required to induce the change in displacement at the
node was measured using a 100 N load cell and compared to the
data extracted from the FE model, Fig. 5(b).4. Results
The force - displacement data from FE analysis is now compared
to experimental data. The results of which, displayed in Fig. 5,
show a strong agreement between the predicted actuation force
in the FE analysis (black) and the experimental data (coloured).
The total force required to actuate a topology change of 39.9 mm
was measured experimentally to be 7.97 N while the FE analysis
calculated a maximum force of 7.25 N at a displacement of
38.7 mm. The force required to actuate the topology change is
equivalent to the force required to hold the topology change
post-displacement from its stable equilibrium, initial configura-
tion. Therefore due to the increase in force as the displacement
increases from the initial state, the lattice becomes increasingly
unstable in the post topology change state. Both the experimental
and FE data exhibit strong linear behaviour with a mean slope of
0.1877 N mm1 for the experimental data and a mean slope of
0.1825 N mm1 for the FE analysis. The small initial difference
between the FE results and the experimental data arises due to
the initial small displacement of the test fixture and the minor
extension of wire which transfers the force from the Tinius Olsen
to the lattice structure. The FE analysis however shows a deviation
from the linear behaviour at large displacements, towards 40 mm,
where the gradient of the force - displacement relationship tends
to decrease. Deviations from linearity in the experimental data
occur at discrete displacements, manifesting as localised peaks,
which arise due to friction and slippage between the composite
flanges and the bespoke test fixture. This sticking behaviour was
observed visually and could clearly be seen as the experimental
testing progressed. Overall, this result provides strong validation
of the behaviour of the variable topology lattice structure and
the potential to predict behaviour of lattice structures with varied
composite lay-ups and manufacturing constraints.
Fig. 6 shows the comparison of the shape of the lattice with
Fig. 6a depicting the initial state, Fig. 6b, the post topology change
at a displacement of 20 mm and Fig. 6c, the post topology change
at a displacement of 40 mm. A high degree of similarity is observed
in the shapes of the lattice structure from both experiment and FE
analysis, in all cases. Interesting features include the localised
radius variation post topology change. The initial state, Fig. 6a,
shows that all repeating spirals of the lattice are of equal radii,
shown by green arrows, once the topology change is actuated,
however, there is a localised change in radius, Fig. 6b & c, where
in the direction of the topology change the internal radius of theG12 (GPa) m12 Ply thickness (mm)
5 0.3 0.11
Fig. 3. Assembled and deployed lattice in its stable configuration showing the mesh used in the FE analysis as well as highlighting the boundary conditions which were
applied in order to actuate the topology change. Labels b to c are defined as: a shows the morphing nodes which were translated to induce the topology change, b represent
the central nodes of the lattice to which the morphing nodes were translated, c depict the ends of the lattice which were constrained to prevent undesirable boundary effects.
Fig. 4. (a) The bespoke test fixture designed in order to test the lattice structure. (b) The lattice structure and bespoke test fixture mounted in the Tinius Olsen universal
tensile tester; lattice is attached to load cell via thin wire.
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radius decreases, indicated by yellow arrows (post 20 mm topol-
ogy change) and by red arrows (post 40 mm topology change).
These effects are observable both in the experimental images and
the FE analyses. It is these changes in radii which induce the
sought-after overall curvature change in the lattice structure.4
Using results from FE analysis, Fig. 7 shows the development of
displacement of the tip of the lattice structure as the topology
change occurs. There is a linear relationship between the displace-
ment of the topology change and the resulting tip displacement
with a ratio of 1 : 2. Thus, a change in displacement at the central
node of the lattice results in a change in displacement of twice that
at the tip of the lattice structure. This result is important to appre-
Fig. 5. Force versus displacement of the topology change, in the direction shown in Fig. 4(b), for comparing the experimental data against the finite element model.
Fig. 6. Comparison of the lattice in the experiment versus FE analysis, contours showing the stress distribution over the lattice strips, at displacements of (a) 0 mm, (b)
20 mm, (c) 40 mm. Arrowed yellow lines indicating the localised change in lattice radius. Non-arrowed yellow lines highlight the degree of curvature which develops as the
topology change is manifested. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Fig. 7. Development of the displacement of the morphing node versus the tip of the lattice structure, with the individual components of the displacements shown, where X is
perpendicular to the central axis of the lattice, Y is the out of plane displacement and Z aligns with the central axis of the lattice. Position (a) represents a morphing node
displacement of 20 mm as also shown in the FE image with stress distribution contours shown (right).
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morphing structures the change in curvature of the structure is
important. This effect is highly tailorable due to the fact that it is
simply a geometric effect, i.e. a longer lattice structure would pro-
vide a larger ratio.5. Demonstrator structure
To show proof of principle of the concept, permanent magnets
were incorporated into the lattice structure for actuation purposes
in order to demonstrate the potential of this novel morphing
mechanism. The central mechanical joints of the lattice structure
were replaced with a series of neodymium circular disc magnets
of diameter 10 mm, height 1 mm and strength 5.3 N, [29]. The
magnet pairs were placed and adhered to either side of the com-
posite strips using cyanoacrylate adhesive, at a distance of
20 mm from each other, with a pair either side of the central, topol-
ogy change free, location, Fig. 8a. In order to actuate the topology
change the magnet pairs were manually displaced from the origi-
nal topology (straight configuration) to the post-topology change
locations, Fig. 8b & c. The upper images in Fig. 8 show a schematic
of the variable topology joint which is located at the centre of the
lattice structure. The topology change at the joints causes the
cylindrical lattice structure to transition from being straight to
one that is curved; hence, showing the effect of a localised dis-
placement, that occurs at the variable topology joint, on the overall
geometry of the structure. This effect was quantified using FE anal-
ysis, Fig. 7, with point (a) representing the topology change of
20 mm displacement which was incorporated into the demonstra-
tor structure, and a resultant lateral displacement at the tip of the
lattice of 40 mm. At a position which exceeds half the deployed
length of the lattice, 225 mm as shown in Fig. 8, the resultant angle
at the centre of the lattice, a, is 10. Thus, given the linear relation-
ship between the displacement of the topology change and the
resultant tip displacement, Fig. 7, the relationship between the dis-Fig. 8. The demonstrator lattice structure incorporating disc magnets, bottom. Top, a sche
post topology change of 20 mm resulting in a tip displacement of 40 mm to the left, (c) p
arrows indicating the direction of topology change. The resultant angle at the centre of
6
placement of the topology change and the angle at the centre of the
lattice for this lattice configuration is 0.5 mm1.6. Discussion
This work has presented the first occurrence of a novel morph-
ing mechanism within the helical lattice structure, namely topo-
logical morphing. This was achieved by replacing mechanical
fasteners in the helical lattice with a series of permanent disc mag-
nets at the central intersection of the lattice, as shown in Fig. 8.
Experimental testing and finite element analysis quantified the
force required to actuate the topology change, showing that the
force required to actuate a topology change of 20 mm was
7.97 N (experimental) and 7.25 N (finite element analysis). These
force values drive the design of the mechanism of the topology
change.
The magnitude of the actuation force also represents the force
required to maintain the structure in its inherently unstable con-
figuration. This force acts in a direction perpendicular to the attrac-
tion between the disc magnets, manifesting as friction. This
frictional force is directly proportional to the product of the normal
force (in this case the force of attraction between the disc magnets)
and the coefficient of friction (our example considers the static
coefficient of friction). Thus, two design variables exist for the pur-
pose of optimising the morphing topology join: the attraction
between the disc magnets, varied by changing the strength of the
disc magnets, or changing the number of disc magnets, and the
coefficient of static friction at the interface, which can be varied
by altering surface properties at the interface, roughness for exam-
ple. This availability of design variables shows the significant
potential for further optimisation of the topological morphing
mechanism, which in turn can be further optimised in order to
reduce total structural mass, a key variable in aerospace
applications.matic of the central intersection of the lattice structure. (a) pre topology change, (b)
ost topology change of 20 mm resulting in a tip displacement of 40 mm to the right,
the lattice, a, is calculated geometrically to be 10.
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involve the potential of autonomous morphing, actuation between
the topology states without external mechanical input. The clear-
est means to achieving this effect is by replacing a set of disc mag-
nets on one side of the topology morphing mechanism with
electromagnets. This modification would allow the structure to
actuate between topology states by varying the polarity of the elec-
tromagnets thus inducing a change in direction of force from
attraction to repulsion and therefore actuating a displacement.
Current work assists such development by identifying the required
actuation force, for topology morphing to be performed
autonomously.
7. Conclusions
A novel method for increasing the morphing capabilities of a
composite lattice structure has been presented by providing a
topological change. By inducing a change in displacement of the
central intersection (i.e., a joint) of a helical cylindrical lattice a
degree of longitudinal curvature to its overall cylindrical shape
has been added. Thus, changing its actuator functionality from
being linear to curved, which greatly enhances the available design
space of deployable composite helical cylindrical lattices. These
developments offer scope for a plethora of new applications to
be considered, including sun-tracking solar array behaviour. This
study identified the force required to actuate such a topological
change through a combination of experimental analysis and repre-
sentative FE models, with the FE model endorsing and providing
design insight into the results of the experiment analysis. This
analysis was further validated through the manufacture of a man-
ually actuated demonstrator structure using permanent disc mag-
nets in order to capture the topology change of the structure. In
summary, this work underpins the development of a lattice struc-
ture with potential for self-assembly using an array of magnetic
nodes resulting in a self-actuating structure through the autono-
mous making and breaking of these magnetic joints within the lat-
tice. Current work increases functionality of helical cylindrical
lattices by making it more closely resemble behaviour observed
in the Bacteriophage T4 [16,30] tail structure, which provides bis-
table response for linear actuation accompanied by a twisting
degree of freedom. In our mechanical analogy, i.e., the helical lat-
tice structure, these degrees of freedom cannot be achieved with-
out detaching, translating and reattaching joints, noting it was
this virus which provided inspiration for the development of the
helical lattice. Current work provides the first step in mimicking
such a response by detaching and reattaching joints. Future work
will address the possibilities for autonomous actuation.
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